Heat shock protein 27 (Hsp27) has been suggested to participate in the cell proliferation and differentiation during tissue development. In fact, we have demonstrated the transient occurrence of Hsp27 during the differentiation of salivary gland acinar cells in postnatal rats. The purpose of the present study is to explore the potential role of Hsp27 in the proliferation and differentiation of the acinar cells during regeneration of the salivary gland. Using the experimental regeneration model of the rat submandibular gland after the release of duct ligation, the spatio-temporal localization of Hsp27 was investigated in immunohistochemistry in regenerating acini. No epithelial cells were immunoreactive for Hsp27 immediately after unligation, but Hsp27-immunoreactive cells were observed in regenerating acini located at the end portion of survived ductal tissues on the third day after unligation. The number of Hsp27-immunoreactive cells in regenerating acini reached its peak on the 5th day after unligation, and started to decline on the 7th day. They were undetectable on the 14th day. Importantly, the increase in the number of Hsp27-immunoreactive cells was preceded by the decline in the cell proliferative activity, and Hsp27-immunoreactivity declined and disappeared in conjunction with the progression of acinar cell differentiation, as judged by the double-immunostaining for Hsp27 and proliferating cell nuclear antigen, a cell proliferation marker, or glycine-rich protein-α , a specifi c marker of differentiated acinar cells. All the fi ndings suggest that Hsp27 is expressed with the transition from the cell proliferation to differentiation of the acinar precursor cells during the regenerating process.
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Heat shock proteins (Hsps) are induced by the heat-shock and other non-physiological stimuli, and serve to protect against the cell death as molecular chaperons. Hsps are also expressed in cells under non-stress states, and are considered to play a variety of roles in addition to their antiapoptotic roles (Lindquist and Craig 1988) . Hsps are divided into major groups based on their respective molecular weights, among which a low molecular-mass Hsp27 plays an essential role in the regulation of cell proliferation, differentiation, and apoptosis (Ciocca et al. 1993 ; Arrigo and acinar stem and/or precursor cells have not yet been clarifi ed.
The present study, using the ligation/ unligation model of the rat submandibular excretory duct, was attempted to examine the spatiotemporal expression and localization of Hsp27, which may advance our understanding of the molecular mechanism of the acinar cell proliferation or differentiation during the regeneration process of the salivary acini.
MATERIALS AND METHODS

Submandibular duct surgery
Approximately 100 Wistar-strain male rats of P8w with the body weight of around 200 g were used in the present study. Standard chows and water were provided ad libitum throughout the experimentation period. Rats were maintained and used in accordance with the guideline for care and use of laboratory animals of Meikai University School of Dentistry.
After general anesthesia via intraperitoneal injection of 1 ml/kg sodium pentobarbital (Somunopentyl, Kyouritsu Seiyaku, Tokyo), an incision was made along the right paramedian line on the skin of the ventral neck with caution not to damage the gland itself as well as surrounding peripheral tissues including nerves and blood vessels, and the main excretory duct of the right submandibular gland was exposed. The left submandibular gland without any surgical treatment was used as the control. A ligation was made on the right excretory duct using a surgical vascular ligation clip (Straight type, RU 3950-04, Rudolf Meduzin-technik, Fridingen, Germany) at 5 mm distal to the glandular porta. At 1 week after ligation, the ligation clip was removed under general anesthesia and the skin incision was sutured. The day of duct unligation was designated as 0 day after unligation in this study.
Fixation and staining
On 0 day, 3rd day, 5th day, 7th day, 10th day and 14th day after unligation, rats under general anesthesia were fi xed by perfusion through the heart with saline fi rst and subsequently 4% paraformaldehyde/0.1 M phosphate buffer solution (pH 7.2). The submandibular glands of both sides were extirpated, and they were immersed additionally in the same fi xative for 5 hrs. After completion of fi xation, specimens were immersed overnight in a 30% sucrose/phosphate buffer solution. Ten μ m-thick sections were cut on the cryostat and used for immuno- Mehlen 1994; Mehlen et al. 1996; Arrigo and Preville 1999) .
It is known that the cell proliferation and differentiation progress in the rat submandibular gland in the postnatal development, and that its tissue architecture matures at the postnatal stage of 8 week (P8w) (Alvares and Sesso 1975) . While a variety of undifferentiated acinar cells proliferate within the submandibular gland at early postnatal stages of rats, the cell proliferation virtually terminates at P3w and thereafter the acinar cells progress towards the cell differentiation and maturity. Until P3-4w, a boundary period between the proliferation and differentiation stages of acinar cells of rat submandibular gland acinar cells, a small number of embryonic type secretory cells termed as terminal tubule (TT) cells remain in developing acini (Chang 1974) . We have previously reported that Hsp27-immunoreactivity is temporarily detected in TT cells and its immunoreactivity quickly disappears with the progress of TT cell differentiation (Amano et al. 2001 ). These results suggest that Hsp27 plays as a molecular switch that regulates the transition from the cell proliferation to differentiation.
The salivation impairment due to sialolithiasis or other obstruction disorders of salivary excretory ducts causes changes in parenchymal cells of the gland acini including atrophy and cell death, and leads to the essential secretion disorders of the gland (Mason and Chisholm 1975) . In addition, the infl ammation and tumorigenesis of the salivary glands, or the radiation therapy in head and neck lesions also cause a destruction of the acinar architecture in the salivary glands (Seifert et al. 1975) . Therefore, it is important to elucidate how the function and morphology of the salivary glands recover from the duct obstruction disorders. It is known that the artifi cial closure of the submandibular main excretory duct of rodents results in disappearance of the acinar architecture, and that the release of the duct ligation leads to the regeneration of acini (Standish and Shafer 1957; Hanks and Chaudhry 1971; Yagishita et al. 2001) . Hitherto, the molecular mechanisms of the acinar regeneration as well as the identifi cation of histochemistry and hematoxylin-eosin (H-E) staining.
Western blotting
Tissue specimens were taken from the glands at 7th day of the post-unligation and of P8w. In addition, heart and quadriceps femoris muscle were taken as positive controls. After tissue homogenization in saline containing 0.3% TritonX-100 at 4°C, the specimens were centrifuged for 5 min at 15,000 rpm. Resultant supernatants were processed for SDS-polyacrylamide gel electrophoresis, and then transferred to a nitrocellulose membrane. Rabbit anti-mouse Hsp27 polyclonal antibody was used as the primary antibody (dilution ratio: 1 : 1,000, StressGen, Victoria, Canada). The antigen-antibody reaction was visualized using a rat tissue-use LSAB alkaline phosphatase coloration kit (Dako, Glostrup, Denmark).
Immunohistochemistry
Cryosections on glass slides were treated for 60 min in a 0.3% TritonX-100/PBS solution, for 10 min in methanol solution with 0.3% H 2 O 2 , and then for 30 min in a solution of 10% goat normal serum (Nichirei, Tokyo). After rinsing with PBS, sections were treated overnight at room temperature with rabbit anti-mouse Hsp27 polyclonal antibody (1 : 1,000). After rinsing with PBS, they were reacted for 60 min with the secondary antibody, biotin-labeled goat anti-rabbit IgG antibody (LSAB Kit, Dako). After rinsing with PBS, they were treated for 60 min with horseradish peroxidase-conjugated streptavidin (LSAB Kit, Dako). Coloration was performed with a 3,3′-diaminobenzidin tetrahydrochloride (Dojindo, Kumamoto). As the control, some cryosections were treated with PBS in the absence of the primary antibody, and stained in the same way as above.
For double immunostaining, mixed solution of a rabbit anti-mouse Hsp27 polyclonal antibody (1 : 1,000) and a mouse anti-rat monoclonal antibody (1 : 200, Dako) for proliferating cell nuclear antigen (PCNA) which is established as a marker of the cell proliferation (Waseem and Lane 1990) , or a mouse monoclonal antibody (1 : 200, a kind gift of Dr. Arthur R. Hand, the University of Connecticut) against the glycine-rich protein-α (GRP-α ) which is a marker of the differentiated acinar cells (Moreira et al. 1989 (Moreira et al. , 1991 Man et al. 1995) . The specifi city of the antibodies has already been described elsewhere (Moreira et al. 1989) . For the secondary antibody, a mixed solution of FITC-labeled donkey anti-rabbit IgG antibody (1 : 500, EY Laboratories, San Mateo, CA, USA) and Cy3-labeled donkey anti-mouse IgG antibody (1 : 250, Chemicon, Temecular, CA, USA) was used.
Quantitation of immunopositive cell numbers
Three unit areas of 2 × 10 5 μ m 2 were randomly selected on each of tissue sections treated for immunohistochemistry and the number of immunopositive cells were counted. The statistic correction was made by standard deviation using the Student t test ( p < 0.01).
RESULTS
Anatomical fi ndings
During ligation of the excretory duct, the operated submandibular glands signifi cantly decreased in sizes and they were more solid and appeared more yellowish as compared with the non-operated control glands (Fig. 1) . After unligation, the operated glands gradually and slightly increased in size, although they remained smaller than the control even on the 14th day after unligation.
Western blotting
While a single immunoreactive band for Hsp27 with a size comparable to its authentic molecular size was recognized in cardiac and skeletal muscles of rats, no immunoreactive bands of such a size was discerned in normal submandibular glands and those with the excretory duct legated. In the submandibular glands on the 7th day after unligation, weaker but distinct band was recognized (Fig. 2) .
HE-staining and Hsp27-immunohistochemistry after unligation
In normal submandibular glands, the immunoreactivity for Hsp27 was found only in vascular endothelium, nerve fi bers and portions of the interlobular duct (Fig. 3a, b) in accord with our previous report (Amano et al. 2001 ).
On 0 day after unligation, any acinar components were retained and the glandular tissues were composed only of duct-like structures sparsely distributed throughout (Fig. 3c) . No Hsp27-immunopositive epithelial elements were observed in the glands, although the immunoreactivity was localized in nerve fi bers and vascular endothelium as the controls (Fig. 3d) .
On 3rd day after unligation, epithelial bulgings were seen near ductal terminal portions (Fig.  3e) , suggesting that immature acini began to differentiate near the end portion of duct-like structure (Takahashi et al. 2004 ). Hsp27- immunoreactivity was found weakly in a few small-sized epithelial cells forming the bulges (Fig. 3f) . On 5th day after unligation, the epithelial bulges increased in sizes and tended to branch (Fig. 3g) . Hsp27-immunopositive epithelial cells were more numerous and distinct, compared to the previous stage (Fig. 3h) .
On the 7th day after unligation, the epithelial bulges increased branching and some of the cells forming the bulges exhibited voluminous cytoplasm having a fl attened nucleus dislocated basally (Fig. 3i) , a feature characteristic of regenerating acini . Hsp27-immunopositive cells remained numerous in the epithelial bulges as seen in the previous stage (Fig.  3j) . On 10th day after unligation, cells exhibiting the feature of regenerating acini increased in number in association with enhanced branching (not shown). Hsp27-immunopositive epithelial cells decreased in number markedly (not shown).
On the 14th day after unligation, numerous differentiated acinar cells having voluminous cytoplasm and a fl attened nucleus were recognizable, and the acinar architecture seemed the same as that of normal adult gland (Fig. 3k) . No Hsp27-immunostaining was discerned in the acini and excretory ducts (Fig. 3l) . 
Double immunostaining for Hsp27 and PCNA, a marker for cell proliferation or GRP-α , a marker for cell differentiation
O n 0 d a y a f t e r u n l i g a t i o n , P C N Aimmunopositive epithelial cells were recognized in very small numbers within the duct-like structure, while no Hsp27 immunopositive cells were found as described above. On the 3rd day after unligation, numerous PCNA immunopositive epithelial cells were recognized as small solitary cell profi les scattered widely throughout the entire glands, while there were only a few numbers of interlobular Hsp27 immunopositive epithelial cells of small sizes as described above (Fig. 4a) . The two cell types were actually not overlapped. On the 5th day after unligation, PCNA immunopositive epithelial cells decreased in number in contrast to the increase in number of Hsp27 immunopositive epithelial cells. While Hsp27 immunopositive cells appeared in small groups, representing their location in the epithelial bulges, PCNA immunopositive proliferating cells were scattered throughout the glands (Fig. 4b) . PCNA immunopositive cells progressively decreased in number on 7th day after unligation and no such cells were recognized on 10th day after unligation, while there was also a remarkable reduction in the number of Hsp27 immunopositive cells (not shown).
In double immunostaining for Hsp27 and GRP-α , a marker of cell differentiation, no GRP-α immunoreactivity was found in the gland in contrast to numerous Hsp27 immunopositive epithelial cells on 5th day after unligation, (not shown). On 7th to 14th days of unligation, GRP-α immunopositive cells progressively increased in number in the glands in contrast to the gradual decrease of Hsp27-immunopositive cells (Fig.  4c) , and almost all of regenerated acinar cells showed GRP-α immunopositivity on 14th day (Fig. 4d) .
The time-course quantitation of Hsp27-, PCNA-and GRP-α -immunoreactive cells was shown in Fig. 5 . The number of PCNA- The error bars indicate SEM (n = 3). * and ** stand for statistically signifi cant differences from the values of 5th day and 10th day of Hsp27, respectively ( p < 0.01). † abd † † stand for statistically signifi cant differences from the values of 0 day and 3rd day of PCNA, respectively ( p < 0.01). § stands for statistically signifi cant differences from the values of 3rd day of GRP-α ( p < 0.01).
immunopositive cells reached the maximum on 3rd day after unligation and thereafter declined progressively, while Hsp27-immunopositive cells reached the peak in number on 5th day after unligation and after maintained the higher level until 7th day, they decreased in number progressively thereafter. On the other hand, GRP-α -immunoreactive cells fi rst gradually and then progressively increased in number and they represented almost all the acinar cells eventually.
DISCUSSION
The development of the submandibular gland in rodents begins at the 12th day of gestational age with invagination within the mesenchyme of oral epithelium. Thereafter, via a series of branching morphogenesis, the structural basis of the characteristic exocrine gland excretory system is formed (Jakoll and Melnick 1999) . However, the differentiation of acinar cells at the end portions of excretory ducts occurs mostly at postnatal stages. Immediately after birth, the majority of the acinar portions is composed of TT cells and no mature-type acinar cells are present Alvares and Sesso 1975) . While TT cells actively proliferate during P0w and P2w, a remarkable increase occurs in the percentage of mature-type acinar cells in the acinar portions with a corresponding decline in number of TT cells from P3w (Chang 1974; Alvares and Sesso 1975) . In other word, the developmental process of acini in the rat submandibular gland is composed of the active proliferation period from birth till P3w and the following differentiation and maturity stage (Alvares and Sesso 1975) . Mature submandibular glands of rats are composed of the acinus and excretory ducts which include successively from the acini the intercalated duct, striated duct and granular duct characteristic of rodents (Pinkstaff 1980) . The obstruction of excretory duct by sialolithiasis or related diseases causes the atrophy of acini, and accompanying increase of connective tissues (Baurmash 2004) . The experimental ligation of the main excretory duct of rat submandibular glands, like the sialolithiasis, successively induces atrophy and degranulation of the acinar cells, degranulation of the granular duct epithelial cells, disappearance of the basal striation, and increase in the amount of intralobular connective tissues (Shiba et al. 1972; Norkerg et al. 1988) . Consequently on the 6th to 7th day after ligation, no acinar cells survive and only duct-like structures are present sparsely in the glands. When the ligation is release, acinar cells are progressively regenerated (Standish and Shafer 1957; Hanks and Chaudhry 1971; Yagishita et al. 2001) .
With regards to the cell origin of regenerating acinar cells, a variety of opinions have been proposed. Hanks and Chaudhry (1971) , by observing the regenerative process after partial removal of the rat submandibular gland, proposed that fi rst TT cells and subsequently acinar cells originate from remnant duct cells. Takahashi et al. (Takahashi and Wakita 1993; Takahashi et al. 1998 ) also reported that in the regenerative process following laser irradiation of the rat submandibular gland, remnant duct-like structures proliferate, and differentiate into immature acinar cells. Yagishita et al. (2001) considered that the recovery of acinar cells after unligation of the duct is derived from those which have escaped from complete atrophy and are embedded/hidden within the duct-like structure. Further, Tamarin (1971a, b) thought that epithelial cells having secretory granules of high electron-density fi rst differentiate from the duct-like structure, and the cells subsequently differentiate into mature acinar cells. Yagishita et al. (2001) proposed that the cells having highly electron-dense secretory granules are identical to embryonic TT cells Dvorák 1969; Jakoll and Melnick 1999) . In this regard, the present authors (Amano et al. 2001) have reported that at P3w, the transition phase from the proliferation to differentiation of developing salivary gland, Hsp27-immunoreactivity is localized in remnant TT cells, and it remains in further reduced TT cells as well as a small number of acinar cells, apoptotic TT cells and granular intercalated duct cells at P4w.
In the present study, Hsp27 immunoreactivity was recognized in tandem with the acinar regeneration after the unligation of the excretory duct and a rapid decline in Hsp27 immunoreactivity was observed in accordance with the progress of differentiation of acinar cells. Considering the fi ndings of normally developing and experimentally treated glands, it is likely that Hsp27-immunopositive cells after unligation represent TT cells at the developmental stage, and it is suggested that Hsp27-positive TT cells are precursor of mature acinar cells. The absence of Hsp27-positive cells in acini at both of mature normal glands and the latest stage of post-unligation regeneration, suggests that Hsp27-expression is confi ned to the initial acinar cell differentiation phase.
In favor of this suggestion, recent studies have noted that Hsp27 is expressed in the differentiation of cultured cells including myocardium (Gernold et al. 1993; Loones et al. 1997) , skeletal muscle (Arrigo and Preville 1999) , neurons (Gernold et al. 1993; Arrigo and Mehlen 1994) , and ES cells (Arrigo and Mehlen 1994) . Also, using in vivo tissue, Hsp27 expression has been reported in various tissues accompanying the cell differentiation such as epiphyseal plate cartilage (Tiffee et al. 2000 ), Meckel's cartilage (Shimada et al. 2003) , stratifi ed squamous epithelium (Laplante et al. 1998; Wakayama and Iseki 1998) and testis (Wakayama and Iseki 1999) .
In experiments using mouse ES cells, a hypotheses has been proposed that Hsp27, by strong expression at the transition phase from the proliferation to differentiation/apoptosis (Mehlen et al. 1996 (Mehlen et al. , 1997 , is involved in the transient oligomer formation at the initial step of the cell differentiation, and the prevention of protein aggregation, and the promotion of decomposition of unnecessary proteins (Arrigo and Preville 1999) . Through these hypothetical mechanisms, Hsp27 has been suggested to function as a molecular switch from the cell proliferation to differentiation (Arrigo and Preville 1999) . A previous study has shown that the inhibition of Hsp27 expression induces the ES cell proliferation and apoptosis, while the enhancement of Hsp27 expression results in an inhibition of cell proliferation and apoptosis and the progress of differentiation (Mehlen et al. 1997) . Another study has reported that in the wound-healing process of the mouse skin, Hsp27 is expressed in relation to a decline in proliferation of keratinocytes and a progress in the differentiation (Laplante et al. 1998) .
As for the relationship between Hsp27 and acinar cell proliferation/differentiation, the present clearly demonstrated that Hsp27 increases after the peak in the proliferation activity, and decreases as the differentiation progresses, and that neither proliferating cells nor differentiated cells exhibit Hsp27-immunoreactivity. These fi ndings suggest that Hsp27-expression is circumscribed to cells at the transitional phase from the proliferation to differentiation of acinar cells. These fi ndings, like those of ES cells (Mehlen et al. 1996 (Mehlen et al. , 1997 Arrigo and Preville 1999) , suggest that Hsp27 works to inhibit the proliferation of acinar cells and to stimulate the differentiation of acinar cells, and that Hsp27 functions as a molecular switch from the proliferation to differentiation.
In the acinar regeneration of the submandibular gland, apoptosis is frequently recognized at the initial period of the regeneration and it soon declines thereafter (Takahashi et al. 2004) . Since the present study showed that the time of Hsp27-expression found in the present study roughly synchronizes the period of rapid decline in the occurrence of apoptosis, Hsp27 is likely to inhibit the apoptosis during the acinar regeneration. Hsp27 is phosphorylated by p28-MAPK, and forms a 140-800 kDa oligomer which is necessary for conservation of three-dimensional structure of various proteins (Kotlyarov and Gaestel 2002) . Further investigations are necessary to clarify the Hsp27 signal transmission in the salivary gland regeneration process.
A recent study has shown that epithelial cells, obtained from rat salivary gland whose excretory ducts are ligated, can differentiate into hepatocytes and pancreatic secretory cells (Okumura et al. 2003) . This indicates that the duct-ligated submandibular gland contains stem cells differentiatable into the endodermal exocrine secretory cells. Thus, in the regenerative medicine, the salivary glands could become effective organs donatable for these alimentary exocrine glands.
